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Objective: To determine the effect of plasma glucose lowering on coronary circulatory function in type 2
diabetes mellitus.
Methods: Twenty patients with type 2 diabetes and 18 weight-matched controls were studied. At baseline,
myocardial blood flow (MBF) was measured with [13N]ammonia and positron emission tomography at rest,
during cold pressor testing (CPT), and during adenosine hyperaemia. In diabetic patients, MBF and blood
chemistry were analysed again after 3 months of glucose-lowering treatment with glyburide and metformin.
Results: Although hyperaemic MBF did not differ significantly between the patients and controls (1.81 (0.38) v
1.97 (0.43) ml/min/g; mean (SD)), the CPT-induced MBF increase (DMBF) was significantly less in diabetic
patients than in controls (0.07 (0.07) v 0.25 (0.12) ml/min/g; p,0.001). Treatment with glyburide and
metformin significantly decreased plasma glucose concentrations from 207 (76) to 134 (52) mg/dl
(p,0.001). This decrease in plasma glucose was paralleled by a significant increase in DMBF in response to
CPT (0.20 (0.16) from 0.07 (0.07) ml/min/g; p,0.001), which tended to be lower than in controls at
baseline (0.20 (0.16) v 0.25 (0.12) ml/min/g; p = NS). The decrease in plasma glucose concentrations
correlated significantly with the improvement in DMBF in response to CPT (r = 0.67, p,0.01).
Conclusions: Type 2 diabetes mellitus is associated with abnormal MBF response to CPT, which can be
significantly improved by euglycaemic control with glyburide and metformin. The close association between
the decrease in plasma glucose concentration and the improvement in coronary vasomotor function in
response to CPT suggests a direct adverse effect of raised plasma glucose concentration on diabetes-related
coronary vascular disease.

T
he prevalence of diabetes in the US according to the
American Diabetes Association rose from 1–2% at ages 29–
39 to 18–20% at ages 60–75.1 As diabetes is recognised as a

major risk factor for cardiovascular morbidity and mortality,2 its
increasing incidence is of considerable public health concern.
The exact mechanisms underlying diabetes-related coronary
vascular disease are still incompletely understood. An impair-
ment of coronary vasomotor function has been shown to
precede and accompany the development and progression of
atherosclerosis.3 4 Functional abnormalities related to insulin
resistance and hyperglycaemia,5 associated with pro-athero-
sclerotic and pro-thrombotic effects, may therefore reflect an
important mechanistic link between coronary vasomotor
dysfunction and the excess cardiac morbidity and mortality in
type 2 diabetes mellitus.1 3 Several mechanisms are involved in
the diabetes-related endothelial dysfunction.6 Besides insulin
resistance itself, raised plasma free fatty acid concentration
together with increased plasma triglycerides and small, dense
low-density lipoprotein (LDL) bodies may adversely affect
intracellular signalling of nitric oxide synthase activity, thereby
reducing endothelial production and release of nitric oxide.
Hyperglycaemia is associated with increased production of
reactive oxygen species which interact with nitric oxide to form
peroxynitrite and, thereby, diminish the bioavailability of
endothelium-derived nitric oxide, which is assumed to be in
part responsible for the observed abnormal vasomotor func-
tion.6 On the other hand, raised plasma glucose concentrations
in patients with diabetes may also cause endothelial dysfunc-
tion by altering endothelium-derived hyperpolarising factor
activity, particularly in smaller arteries and arterioles.7 8

Increases in glucose concentration in healthy subjects
induced by glucose infusion have been shown to produce
alterations in endothelium-related forearm blood flow.9

Furthermore, glucose lowering in patients with diabetes
through acute and long-term insulin administration or dietary
control and anti-diabetic agents may lead to an improvement in
endothelium-mediated forearm blood flow.10 11

The aim of this study was therefore to determine whether
glucose lowering with anti-diabetic agents beneficially influ-
ences diabetes-related abnormalities of the coronary circulatory
function.

METHODS
Study design
In 20 patients with type 2 diabetes, but without traditional
coronary risk factors such as smoking, hypercholesterolaemia
and arterial hypertension, coronary vasoreactivity was assessed
by measuring myocardial blood flow (MBF) and its responses
to sympathetic stimulation with cold pressor testing (CPT) and
pharmacologic vasodilatation. MBF values were compared with
those in 18 healthy subjects matched for age and weight. After
the baseline measurements, the diabetic patients were placed
on glucose-lowering drugs for 3 months, after which blood
chemistry analysis and MBF measurements were repeated. The
study was approved by the UCLA Institutional Review Board,
and each participant signed the approved informed consent
form.

Study population
Twenty patients (nine male, 11 female; mean (SD) age 53 (7)
years) with type 2 diabetes were enrolled (table 1). At initial
screening visits before the baseline positron emission tomo-
graphy studies, type 2 diabetes mellitus was diagnosed by

Abbreviations: CPT, cold pressor testing; LDL, low-density lipoprotein;
MBF, myocardial blood flow; RPP, rate–pressure product
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standard criteria including raised fasting plasma glucose
concentrations (.126 mg/dl) on at least two occasions and
raised HbA1c concentrations.12 Because of limited access to
healthcare services and drugs, the patients enrolled in this
study had not been receiving regular anti-diabetic drugs, but
had attempted to control diabetes by diet, weight loss, and
physical activity. None of the participants was receiving
glucose-lowering drugs at the time of inclusion in the study
protocol. The patients reported a mean (SD) duration of their
diabetes of 26 (16) months (range 6–48). None had a family
history of premature coronary artery disease, and none had a
history of coronary or peripheral vascular or other diseases. All
the women were postmenopausal (cessation of menses >1
year), and none was on hormone replacement therapy. Physical
examination showed no abnormalities in any of the patients,
and all had a normal resting electrocardiogram and normal
heart rate and blood pressure (,135/80 mm Hg), on at least
two occasions. Total and LDL plasma cholesterol concentrations
were less than 240 mg/dl and 155 mg/dl, respectively. None of
the patients currently smoked or had in the past, and none was
taking any drugs.

Measurement of MBF and assessment of coronary
vasoreactivity
MBF was measured with [13N]ammonia, serial image acquisi-
tion by positron emission tomography (ECAT EXACT HR+; CTI/
Siemens, Knoxville, Tennessee, USA) and a two-compartment
tracer kinetic model as described previously.5 13 From the last
15-min transaxial image, reoriented short-axis and long-axis
myocardial slices and the corresponding polar map were
submitted to visual and semiquantitative analysis. All study
participants had normal homogeneous [13N]ammonia tracer
uptake. MBF (ml/g/min) was measured at rest, during CPT
(reflecting predominantly endothelium-dependent vasomo-
tion), and during adenosine-stimulated hyperaemia (140 mg/
kg/min; reflecting predominantly endothelium-independent
vasomotion).5 13 Regional MBF values from the three major
coronary artery territories on the polar map were averaged to
yield mean MBF.

Heart rate, blood pressure, and a 12-lead electrocardiogram
were recorded continuously during each MBF measurement.
From the mean heart rate and systolic blood pressure recorded
during the first 2 min of image acquisition, the rate–pressure
product (RPP) was determined as an index of cardiac work.
Changes in MBF from rest to CPT (DMBF) were expressed
in ml/min/g. Further, to account for intraindividual and

interindividual differences in MBF and its response to cold,
MBF was normalised to the RPP, and thus myocardial work
(averaged during the first 2 min of image acquisition; MBF
divided by RPP multiplied by 10 000).

Study protocol
After the baseline measurements of MBF and blood chemistry,
the 20 patients with type 2 diabetes were started on glucose-
lowering treatment. Treatment was begun with oral glyburide
at a dose of 10 mg/day. If, after 10 days, fasting glucose
concentrations remained above 126 mg/dl, the dose was
increased to 10 mg twice a day (total of 20 mg/day). If, after
an additional 20 days, plasma glucose concentrations remained
raised (.126 mg/dl), metformin, at a dose of 500 mg twice a
day (total of 1000 mg/day), was added to the glyburide.
Patients and immediate family members were instructed to
contact one of the investigators in instances of hypoglycaemia
or other adverse reactions.

Statistical analysis
Data are presented as mean (SD) for quantitative and absolute
frequencies for qualitative variables. The appropriate Wilcoxon
rank test for independent or paired samples was used (SAS
Institute). A comparison of CPT-induced DMBF and adenosine-
induced MBF between the different groups was performed by
one-way analysis of variance, followed by Scheffe’s multiple
comparison test. Correlations between selected variables were
estimated by Spearman correlation coefficients (r). All test
procedures were two-sided, and p,0.05 was considered to
indicate significance.

RESULTS
Clinical characteristics at baseline
Total plasma cholesterol and free fatty acid concentrations were
significantly higher in the patients with diabetes than in the
controls, and LDL cholesterol, triglyceride and lactic acid
concentrations tended to be higher (table 1). Insulin concen-
trations tended to be lower in the diabetic patients than in the
controls.

MBF measurements at baseline
At rest, heart rate, systolic and diastolic blood pressures and
RPPs were nearly identical in the two study groups (table 2).
Furthermore, MBF at rest was similar in the controls and
diabetic patients.

Table 1 Characteristics of and laboratory findings for the controls and patients with type 2
diabetes at baseline and 3-month follow-up

Controls

Patients

Baseline Follow-up

Number 18 20 20
Age (years) 49 (7) 53 (7) –
Body mass index (kg/m2) 27 (4) 30 (5) 29 (4)
HbA1c (%) 5.3 (0.3) 10.0 (2.7)* 8.5 (1.4)�
Fasting plasma concentrations

Glucose (mg/dl) 84 (13) 207 (76)* 134 (52)�
Lactic acid (mg/dl) 13.1 (3.1) 16.0 (3.8) 17.1 (4.5)
Free fatty acids (mmol/l) 0.50 (0.28) 0.78 (0.36)* 0.61 (0.47)
Insulin (mU/ml) 11 (10) 8.4 (7) 13 (12)
Total cholesterol (mg/dl) 178 (36) 214 (46)* 214 (42)
LDL cholesterol (mg/dl) 107 (24) 124 (35) 128 (35)
HDL cholesterol (mg/dl) 43 (12) 44 (10) 48 (9)
Triglycerides (mg/dl) 170 (129) 244 (205) 212 (141)

HbA1c, haemoglobin A1c; HDL, high-density lipoprotein; LDL, low-density lipoprotein.
Values are mean (SD).
*p,0.04 v controls, �p,0.05 v baseline in diabetes (Wilcoxon rank test).
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During adenosine-induced hyperaemia, heart rates had
increased significantly from rest but were similar in the two
groups (table 2), whereas systolic and diastolic blood pressures
had remained unchanged from rest. As given in table 2, MBF
during hyperaemia in patients with type 2 diabetes tended to be
non-significantly lower than in the controls. When the
hyperaemic MBFs were related to the mean arterial blood
pressure in order to account for interindividual variations in
coronary driving pressure, the resulting estimates of coronary
vascular resistance (mean arterial blood pressure/MBF) were
similar for the two study groups (50.1 (12.8) and 51.9
(9.8) mm Hg/ml/min/g).

During CPT, heart rate and systolic and diastolic blood
pressure in both study groups were significantly higher than at
rest (table 2). Although the corresponding RPPs were compar-
able in the two groups, absolute MBFs during CPT tended to be
lower in the diabetic patients than in the controls (p = 0.06)
(table 2). When adjusted for RPP, the normalised MBF during
CPT was significantly lower in the diabetic than in the control

group (0.67 (0.15) v 0.82 (0.20) ml/min/g; p,0.01). Moreover,
mean increases in RPP from rest to CPT (defined as DRPP, the
difference between CPT and rest) were similar in the two study
groups (table 2), whereas the corresponding change in MBF
from rest to CPT (DMBF) was significantly less in the diabetic
patients than in the controls (p,0.001). Thus, despite compar-
able increases in cardiac work with CPT, the increase in blood
flow was significantly attenuated in the patients with diabetes
(table 2 and fig 1).

Follow-up studies after glucose lowering in patients
with diabetes
After treatment with glyburide or glyburide/metformin for
3 months, all patients returned for follow-up measurements of
MBF and blood chemistry (tables 1 and 2). Plasma glucose and
HbA1c concentrations had significantly declined from baseline.
At follow-up, insulin concentrations tended to be higher than
at baseline, although this was not statistically significant. Free

Table 2 Haemodynamic data and myocardial blood flow in the controls and patients with
type 2 diabetes at baseline and 3-month follow-up

Controls

Patients Patients

Baseline Follow-up

Rest
Heart rate (beats/min) 66 (8) 69 (11) 69 (9)
SBP (mm Hg) 128 (17) 137 (23) 131 (22)
DBP (mm Hg) 78 (10) 76 (9) 76 (9)
MAP (mm Hg) 94.7 (12.1) 96.9 (10.4) 94.6 (11.3)
RPP (mm Hg/min) 8489 (1613) 9490 (2404) 9151 (2287)
MBF (ml/min/g) 0.72 (0.16) 0.75 (0.24) 0.67 (0.17)

Adenosine-induced hyperaemia
Heart rate (beats/min) 88 (13) 92 (14) 96 (15)
SBP (mm Hg) 126 (13) 131 (23) 132 (21)
DBP (mm Hg) 77 (7) 76 (9) 76 (9)
MAP (mm Hg) 93.6 (7.8) 91.2 (11.3) 94.5 (12.2)
RPP (mm Hg/min) 11175 (2030) 12130 (3303) 12717 (3336)
MBF (ml/min/g) 1.97 (0.43) 1.81 (0.38) 1.87 (0.46)

Cold pressor testing
Heart rate (beats/min) 75 (11) 74 (10) 74 (10)
SBP (mm Hg) 154 (19) 164 (32) 159 (30)
DBP (mm Hg) 90 (11) 89 (11) 89 (11)
MAP (mm Hg) 111.3 (13.5) 114.5 (16.4) 111.9 (15.0)
RPP (mm Hg/min) 11546 (2442) 12198 (3197) 11860 (3063)
MBF (ml/min/g) 0.96 (0.25) 0.81 (0.24) 0.87 (0.28)
DRPP (mm Hg/min) 3058 (1832) 2709 (1727) 2710 (1444)
DMBF (ml/min/g) 0.25 (0.12) 0.07 (0.07)* 0.20 (0.16)�

SBP, Systolic blood pressure; DBP, diastolic blood pressure; MAP, mean arterial blood pressure; RPP, rate–pressure
product (heart rate 6 systolic blood pressure); MBF, myocardial blood flow.
Values are mean (SD).
*p,0.001 v controls, �p,0.001 v baseline in diabetes (Wilcoxon rank test).

Figure 1 Change in myocardial blood flow (DMBF) in response to cold
pressor testing in controls and patients with type 2 diabetes at baseline and
follow-up.

Figure 2 Correlation of the change in myocardial blood flow (DMBF)
induced by cold pressor testing (CPT) and change in fasting plasma glucose
concentrations as defined as difference in DMBF and Dglucose decrease
between follow-up and baseline.
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fatty acid and triglyceride concentrations tended to be lower at
follow-up than at baseline, and high-density lipoprotein
cholesterol had increased.

At rest, heart rate, systolic and diastolic blood pressures and
RPPs were similar at follow-up and baseline (table 2). Further,
resting MBF on repeat assessment did not differ significantly.
Adenosine-stimulated MBF at follow-up tended to be higher
than at baseline but not significantly. Further, the minimal
coronary vascular resistance during adenosine stimulation was
unchanged (51.9 (9.8) and 52.3 (9.6) mm Hg/ml/min/g).

During CPT, heart rate, systolic and diastolic blood pressure
significantly increased at baseline and follow-up so that the
RPP, and thus cardiac work, was similar at baseline and follow-
up (table 2). The DMBF in response to CPT was significantly
greater than that at baseline, but still tended to be less than
that in the control group (table 2, fig 1). In addition,
normalised MBF during CPT was significantly higher at
follow-up than at baseline (0.75 (0.15) v 0.67 (0.15) ml/min/
g; p,0.001 ) but again tended to be lower than in the control
group (0.75 (0.15) v 0.82 (0.20) ml/min/g; p = NS).

Comparison of MBF responses and changes in plasma
glucose concentrations
Decreases in fasting plasma glucose concentrations from base-
line to follow-up varied considerably. Fourteen diabetic patients
had achieved euglycaemic values of ,126 mg/dl, whereas
glucose concentrations in the remaining six patients ranged
from 150 to 234 mg/dl. The change in fasting plasma glucose
concentrations from baseline to follow-up was expressed as the
difference in glucose concentrations at baseline and follow-up,
and was compared with the improvement in the flow response to
CPT (again defined as the difference in DMBFs between follow-
up and baseline). This decrease in plasma glucose concentration
correlated significantly with an improvement in the flow
response to cold (r = 0.67, p,0.01; fig 2). In addition, after the
exclusion of the six patients in whom post-treatment glucose
concentrations remained .126 mg/dl, the correlation remained
significant (r = 0.59, p,0.02).

DISCUSSION
The novel finding of the current study is that the abnormal
endothelium-related coronary flow responses to CPT in patients
with type 2 diabetes can be significantly improved by euglycaemic
control with glyburide and metformin. Moreover, the close
association between the decrease in plasma glucose concentration
and the improvement in endothelium-related coronary vasomotor
function suggests a direct adverse effect of raised plasma glucose
on diabetes-related coronary vascular disease.

Metabolic profiles and alterations with glucose-
lowering treatment
Patients with type 2 diabetes mellitus but without traditional
coronary risk factors such as smoking, hypercholesterolaemia
or arterial hypertension were studied in order to separate
possibly confounding effects of these risk factors on coronary
circulatory function.14 Surprisingly, plasma insulin concentra-
tions tended to be lower in the diabetic patients than in controls
matched for age and weight. It is conceivable that overweight
controls had a pre-diabetic state of impaired glucose tolerance
associated with an increase in plasma insulin concentrations.5

Furthermore, the lower plasma insulin concentrations in the
patients may also reflect a later stage of diabetic disease at
which insulin secretion had already sufficiently declined.15

However, of the 20 diabetic patients with very high glucose
concentrations, the 3-month course of glyburide or glyburide/
metformin achieved euglycaemic control in 14 but not in six.
This may explain in part why the decrease in plasma HbA1c

concentration was not as pronounced as might have been
expected. The reason for the inadequate and/or delayed glucose
lowering in the diabetic patients remains unknown, but it could
be related to as yet unknown metabolic, genetic or vascular
factors6 or to limited patient compliance.16 In contrast with the
significant decrease in plasma glucose concentrations, total and
LDL cholesterol concentrations at follow-up had not changed
significantly from baseline. On the other hand, free fatty acid
and triglyceride concentrations tended to be lower at follow-up
than at baseline, and high-density lipoprotein cholesterol and
insulin concentrations tended to be higher. The latter changes
in the metabolic profile may have contributed to the observed
improvement in coronary vasomotor function in the diabetic
patients.6

MBF responses to CPT and adenosine
Exposure to cold prompts an a-adrenergically mediated
vasoconstriction of the coronary vascular smooth muscle cells,
which, under normal conditions, is offset by a flow-mediated
and, in part, direct adrenergically induced endothelium-
dependent vasodilation.17 In the presence of endothelial
dysfunction, however, the vasoconstrictor effect may remain
largely unopposed.17 Thus flow responses to CPT represent the net
effect of endothelium-related vasodilator effects and vasocon-
strictor responses of the coronary vascular smooth muscle cells.
Flow increases in response to sympathetic stimulation with CPT
have been reported to be severely diminished or even absent in the
presence of mild coronary artery disease or risk factors for
coronary artery disease, as well as in diabetes mellitus as a
cardiovascular disease equivalent.13 17 18

The total vasodilator capacity, as reflected by the magnitude
of the adenosine-stimulated and predominantly endothelium-
independent hyperaemic flow increase, in the diabetic patients
in this study tended to be somewhat lower, although not
significantly so, than in the control group. This is at variance
with previous findings for type 1 and type 2 diabetes mellitus
with significantly reduced hyperaemic blood flow.19 20 The
reason for this discordant observation is not known, but may
be related to differences in patient characteristics, differences in
the duration of diabetes, and/or differences in the state of
diabetes, including diabetic microangiopathy and vascular
smooth muscle involvement.21 It is possible that, in the diabetic
patients in the present study, vascular alterations were largely
confined to the endothelium and had not yet affected vascular
smooth muscle function, as observed also with forearm blood
flow measurements in type 2 diabetes and for the coronary
circulation in people with increasing body weight.13 22 In more
advanced stages of diabetes, higher oxidative stress burden
and/or greater abnormalities in LDL subfractions and LDL
oxidation imposed on the vascular wall may also directly affect
smooth muscle cell function and thus lead to impairment of
endothelium-independent vasodilation.14 The recently reported
relationship between reductions in total vasodilator capacity
and structural alterations of the arterial wall in more advanced
states of diabetes mellitus supports this possibility.23

Effects of glucose-lowering treatment
An important finding of this study is the beneficial effect of a 3-
month glucose-lowering treatment with glyburide alone or in
combination with metformin on coronary vasomotion in type 2
diabetes. Whereas, at baseline, flow responses to cold were
severely diminished in patients with type 2 diabetes compared
with those in non-diabetic and weight-matched controls, the
flow response after treatment had significantly improved in the
patients. The important role of glucose lowering is supported
further by the observed inverse and statistically significant
correlation between reductions in plasma glucose concentration
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and increases in the flow response to cold from baseline to
follow-up. This correlation implicates glucose lowering as an
important determinant of this improvement. Possible mechan-
isms may involve a reduction in hyperglycaemia-mediated
formation of reactive oxygen species and inactivation of protein
kinase C associated with an increase in the bioavailability of
endothelium-derived nitric oxide6 and an increase in endothe-
lium-derived hyperpolarising factor activity.7 24

Although not assessed in this study, diabetic autonomic
neuropathy was unlikely to have accounted for the diminished
flow response for several reasons. Basal heart rate, blood
pressure and coronary flow in the patients were normal and not
elevated as observed in some but not all previous investigations
in patients with diabetic neuropathy and abnormalities in
cardiac sympathetic innervation.19 25 Secondly, had the abnor-
mal flow response to cold resulted from a defective efferent
cardiac sympathetic innervation, it is unlikely that it would
have normalised over the relatively short time period of only
3 months of glucose lowering when compared with the modest
improvement in regional cardiac innervation observed pre-
viously over a much longer time period.26

The observed improvement in the flow response to cold in the
patients in this study is certainly unlikely to be explained by the
glucose-lowering effects only of glyburide and metformin. Insulin
secretagogues such as sulphonylureas raise basal and post-
prandial insulin secretion.27 Although sulphonylureas have little,
if any, effect on the tissue sensitivity to insulin, they may have
contributed to the improvement in the flow response to CPT
through insulin-induced and endothelium-dependent vasodila-
tion mediated by nitric oxide.28 Furthermore, metformin lowers
plasma glucose concentrations predominantly through its insulin-
sensitising properties. The effects of both stimulation of insulin
secretion by glyburide and greater vascular insulin sensitivity
produced by metformin may therefore also have accounted in part
for the endothelium-related flow increase in response to CPT.10 In
addition, this improvement also probably resulted from direct
stimulatory effects of glyburide and metformin on endothelium-
derived hyperpolarising factor activity.29 30

CONCLUSIONS
In this study, we have shown an improvement in abnormal
coronary vasomotor function related to glucose-lowering treat-
ment in type 2 diabetes mellitus. The close association between
the decrease in plasma glucose concentration and the improve-
ment in coronary vasomotor function provides first in vivo
evidence of a direct adverse effect of raised plasma glucose
concentration on diabetes-related coronary vascular disease. As
abnormalities in vasomotor function contain predictive informa-
tion for future cardiovascular events,3 it remains to be established
whether anti-diabetic medical and/or behavioural interventions
related to weight, diet and physical activity2 16 aiming to restore
coronary vasomotor function in patients with type 2 diabetes will
indeed improve the clinical outcome.
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